Fifteen collaborating laboratories were sent 9 samples of citrus juice mixtures as blind duplicates for determination of naringin and neohesperidin by liquid chromatography. Two sample pairs were 100% orange juice and did not contain any naringin or neohesperidin. The remaining 7 sample pairs contained naringin at levels ranging from 3.9 to 46.5 ppm and neohesperidin at levels ranging from 0.14 to 35.6 ppm. Five sample pairs consisted of orange juice mixtures containing 1, 3, and 5% grapefruit juice; 5% sour orange; and 5% K-Early citrus variety. Two sample pairs were orange juice spiked with naringin, neohesperidin, sodium benzoate, and potassium sorbate. Data were received from 13 laboratories. Data from 1 collaborator were eliminated because the method protocol was not followed. Neohesperidin values from another laboratory were also not used because of problems with a coeluting component. Repeatability relative standard deviations ranged from 2.95 to 15.23% for naringin and from 3.00 to 11.74% for neohesperidin. Reproducibility relative standard deviations ranged from 11.34 to 31.94% for naringin and from 10.45 to 26.17% for neohesperidin. The method is reliable for detecting the presence of grapefruit juice in orange juice as indicated by a finding of >10 ppm naringin and <2 ppm neohesperidin. The method was adopted First Action by AOAC INTERNATIONAL.
O ccasionally, when the price of grapefruit juice falls significantly below that of orange juice, a processor may add grapefruit juice to orange juice to increase profits. Oranges and grapefruit are also processed into juice by using the same processing lines. Grapefruit juice may unintentionally be added to orange juice if the processing lines are not sufficiently flushed between fruit runs.
Blends of juice processed from sweet orange (Citrus sinensis) and grapefruit (C. paradisi) may be distinguished from 100% sweet orange juice and from juice blends containing other citrus varieties, which may be legally added without a declaration of the blend on the label. Distinction is made through determination of the levels of the flavonoids naringin and neohesperidin. Naringin and neohesperidin are flavanone glycosides, a flavonoid class. Naringin and neohesperidin are present only in certain varieties of citrus. Fruit from cultivars of sweet orange and tangerine (C. reticulata) do not contain detectable levels of naringin or neohesperidin. Grapefruit, fruit varieties of sour orange (C. aurantium), and 2 tangerine-grapefruit hybrids (K-Early and Sampson) do contain naringin (1) . K-Early is the only naringin-containing tangerine hybrid in commercial production in Florida. The U.S. Food and Drug Administration (FDA) Standards of Identity for frozen concentrated orange juice (2) allow orange juice from C. sinensis to contain up to 10% juice from tangerine or tangerine hybrids and up to 5% juice from sour orange.
A variety of sour orange is used as a commercial rootstock, and many sweet orange trees in Florida are grown on it. With the number of freezes Florida has experienced in the past, many commercial groves have required severe pruning or complete replanting. If a commercial grove is not properly maintained, and shoots are allowed to grow from sour orange rootstock, it is possible that sour oranges may also be picked during harvest. It is a rare occurrence (<0.2%), but both sour orange and K-Early have been found during routine product monitoring of commercial juices at the Florida Department of Citrus.
Because sour orange and a tangerine hybrid contain naringin, determination of naringin alone cannot be used to indicate the presence of grapefruit juice in orange juice. Both naringin and neohesperidin must be measured and the ratio of naringin/neohesperidin calculated. The ratio of naringin/neohesperidin has been found to range from 14 to 83 in grapefruit juice and from 1.3 to 2.5 in juice from sour orange; it is always <1 for the juice expressed from tangerine hybrids containing naringin (2) . Measurement and calculation of the naringin/neohesperidin ratio when these components are present allow one to detect and distinguish between blends containing grapefruit and blends containing K-Early hybrid or sour orange.
Collaborative Study
The study was conducted with 15 collaborators and used the liquid chromatographic (LC) method described by Rouseff (3) with minor modifications. Juice from grapefruit, K-Early hybrid fruit, and sour orange fruit from commercial rootstock were blended with 100% juice from C. sinensis. Juice concentrate known to originate from 100% C. sinensis was diluted to a single-strength level of 11.8 o Brix. The total volume (15 L) was separated into 10 portions. Three portions were left untreated. One of these was immediately frozen and stored in a freezer at -20 o C for reference and in case additional samples were needed. Two portions were spiked with naringin and neohesperidin, obtained from Sigma (St. Louis, MO) and purified by recrystallization. Juices extracted from grapefruit, the K-Early hybrid variety, and the sour orange variety commonly used as rootstock in Florida were also collected and the amounts of naringin and neohesperidin in each juice variety determined (Table 1) . These values were then used to determine the expected amounts in the blended samples. Juice blends were prepared to contain orange juice with 1, 3, and 5% grapefruit juice, 5% sour orange, or 5% K-Early hybrid variety. The 9 samples were each divided into 36 samples of approximately 40 mL each, which were placed in 50 mL screw-cap polyethylene vials assigned with a random 4-digit number and frozen at -20°C.
Eighteen samples (blind duplicates of the 9 samples) were shipped frozen to each of the 15 collaborating laboratories. Each laboratory also received a standard containing 100 ppm naringin, 100 ppm hesperidin, and 100 ppm neohesperidin (standard A); a second standard containing 100 ppm naringin, 100 ppm neohesperidin, 50 ppm sodium benzoate, and 50 ppm potassium sorbate (standard B); and the procedure protocol. The standard containing sodium benzoate and potassium sorbate was included because these preservatives may interfere with the analysis if the steps outlined in the procedure protocol are not followed. The collaborators were asked to follow the described procedure and analyze each sample by a single injection.
Naringin and Neohesperidin in Orange Juice-Liquid Chromatography Method First Action 1999
A. Applicability (The method determines 5-50 µg/g naringin and 5-50 µg/g neohesperidin in orange juice.)
See Table 999 .05 for the results of the interlaboratory study supporting acceptance of the method.
B. Principle
Orange juice is filtered to remove particulates, injected onto a column containing C 18 phase where naringin and neohesperidin are separated from other components, and measured by UV absorbance at 280 nm.
C. Apparatus
(a) Liquid chromatograph.-With pump, manual or automatic injector, UV detector, integrator or data collection system, and column heater. Operating conditions: flow rate 1.0 mL/min; injection volume 20 µL (40 µL if test portions are diluted); UV at 280 nm, 0.05 absorbance units full scale (AUFS), column temperature 25-30°C regulated.
(b) Column.-High purity silica packing material with very low metal impurities bonded to C 18 phase. New columns should exceed the following specifications to allow for deterioration:
Theoretical plate count (N) for naringin is 2000. N = 5.545 (t r /W h ) 2 where t r = retention time of peak at apex in seconds, and W h = peak width at half height in seconds.
Resolution (R) between naringin and hesperidin is ≥1.5.
Peak symmetry (S) is between 0.9-1.4 for hesperidin. S = A 0.1h /B 0.1h . Using a line drawn from the apex of the peak to the baseline and perpendicular to the baseline, A 0.1h = peak width in sec to left of perpedicular at 10% of peak height, and B 0.1h = peak width in sec to right of perpendicular at 10% of peak height.
Column capacity factor (k') < 10 for neohesperidin. k¢ = (t r -t d )/t d , where t r is defined above and t d = retention time of injection spike (time it takes for unretained solvent to flow through the column in seconds).
The following columns have been found to be satisfactory without addition of acetic acid to the mobile phase: Kromasil C 18 5µm, 150 × 4. 0.05 g Na benzoate, transfer to a 100 mL volumetric flask, and dilute to volume with mobile phase. (i) Working standards.-Make 5 dilutions (1:5, 1:10, 1:20, 1:50, 1:100) of stock standard A in mobile phase to provide 100, 50, 25, 10, and 5 µg/g working standards. Add 10 mL stock A and 10 mL stock B into a 100 mL volumetric flask to provide a standard for checking the mobile phase and column suitability. Dilute to volume with mobile phase.
E. Test Sample Preparation
Centrifuge 10-20 mL of test sample at 10 000 × g for 10 min at 25°C. Filter through a 25 mm × 0.2 µm Anotop Plus, or cellulose acetate membrane filter.
Alternatively, if a centrifuge is not available, mix test samples well and dilute 1 + 1 with aqueous acetonitrile (40 + 60). Filter test samples through 25 mm × 0.45 µm nylon filter with glass fiber prefilter. Adsorption of flavonoids by nylon in aqueous samples is overcome by the acetonitrile. Do not use a filter with cellulose acetate, Versapore, or polysulfone membranes as they are not resistant to acetonitrile. Do not use filters with a PVDF or PTFE membrane as these materials adsorb flavonoids from the matrix.
F. Chromatography
Inject working standard containing stock B solution and adjust solvent strength so resolution (R) is at least 1.5 between naringin and hesperidin, both naringin and neohesperidin are resolved from Na benzioate and K sorbate (R ≥ 1.5), and k′ < 10 for neohesperidin. Use an injection volume of 20, 10, or 5 µL dependent on the internal diameter (4.6, 3.0, or 2.0 mm, respectively) of the analytical column used. Inject one orange juice test portion and set run time for 60 min. Interfering peak will elute between 25-60 min on columns 150 mm or shorter. For longer columns (250-300 mm) interfering peak may not elute for 80-100 min. Time injection interval so late peak does not interfere with subsequent analyses. Temperature control of the analytical column and use of an automatic injection system are recommended. Calibrate instrument with standards and check instrument for linearity. If response is nonlinear, a multipoint calibration of the instrument is necessary each time a set is analyzed. If linear, duplicate injections of a single standard for calibration is sufficient for subsequent sets. 
G. Calculation

Results and Discussion
Several variations were added to the original protocol sent to collaborators. These were incorporated to address difficulties experienced by some collaborators and improve the reliability of the method. Collaborators were not required to run a standard curve. They were instructed to optimize parameters as described in the method, and then to quantitate the analytes in the samples on the basis of a response factor obtained from duplicate injections of the 100 ppm standard A. Repeated preparation of 3-and 5-point standard curves obtained with the author's equipment consistently showed that both scanning and fixed-wavelength UV detectors produced linear responses for naringin and neohesperidin at 280 nm for injections of ≤10 µg (20 µL, 500 ppm standard). It became apparent during the study that some photodiode array detectors did not give a linear response. Analysts need to verify detector linearity before adopting a 1-point calibration.
Collaborators were instructed to centrifuge and filter samples with the Anotop inorganic or a Versapore (Gelman Sciences, Ann Arbor, MI) membrane filter. Some collaborators experienced difficulty filtering samples because a high-speed centrifuge was not available. Table 2 lists the adsorption of flavanone glycosides by different membrane types, based on the results for 6 spiked samples. Adsorption was determined by comparing the centrifuged supernatant before and after the listed volumes were passed through each filter type. Adsorption by some membranes can be very high when limited volumes are used. Collaborators were also instructed to prepare a mobile phase consisting of 0.1% aqueous acetic acid and acetonitrile. The original method (3) used a mobile phase with 0.5% acetic acid and acetonitrile. By reducing the amount of acid, interferences from sodium benzoate and potassium sorbate, when present, were more easily eliminated. No problems were experienced when this mobile phase was used with several 150 × 4.6 mm Supelco (Bellefonte, PA) Supelcosil C 18 columns ( Figure 1) ; because of its reliability, this was the column recommended for use. However, during the study, 2 of the 5 collaborators who used Supelcosil columns experienced problems with tailing when using the specified mobile phase. Several other collaborators also experienced problems with peak tailing. The column type and mobile phase composition used by each collaborator are given in Table 3 . Tailing problems were eliminated for all columns when 0.5% acetic acid was used as described in the original method (3). Collaborators were instructed to analyze the samples by using the higher percentage of acetic acid. Columns requiring the higher acetic acid content were Keystone (Bellefonte, PA) Deltabond, Dupont (Wilmington, DE) Zorbax, Waters (Milford, MA) Bondapak, and 2 of the Supelco Supelcosil columns. Collaborator 1, using the Chrompack (Raritan, NJ) ChromSpher column, substituted 0.2% phosphoric acid for acetic acid; it is not known how this column would have performed with the specified mobile phase. A similar column from the same manufacturer (ChromSpher PAH) was found to perform well ( Figure 2) .
Results from 13 collaborators were returned and are presented in Tables 4 and 5 for naringin and neohesperidin, respectively. The naringin determined in sample 6 by Collaborator 1 was found to be an outlier by the Cochran test and eliminated from the statistical analysis. As mentioned, phosphoric acid was substituted for acetic acid by this collaborator in a mobile phase containing a high percentage of acetonitrile (as routinely used by this laboratory). Retention of neohesperidin was <10 min on a 250 mm column (kN of about 3). Resolution was compromised, and this likely explains the high variability in the results reported by this laboratory. With a shorter column, all components of interest can be eluted in 12 min while complete resolution between naringin and hesperidin is still maintained (Figure 2) .
Collaborator 3 experienced difficulties with an interference for naringin in samples 4 and 5 and for neohesperidin in samples 4, 5, 6, 8, and 9. This collaborator experienced tailing problems and found it necessary to use the higher concentration of acid in the mobile phase. On examination, it became apparent that the mobile phase used was too strong, benzoate and sorbate coeluted with neohesperidin, and a problem with injection occurred for some samples. Results from Collaborator 3 were judged unreliable and not used in the statistical analysis.
Collaborators 8 and 11 experienced a small interference for naringin in samples 8 and 9. For pure orange juice samples, a small peak of 1-2 ppm (but with UV spectra uncharacteristic of naringin) is not unusual; the positive detection limit for naringin was therefore set at 5 ppm as a result of this interference. Collaborator 7 reported the highest values overall.
Statistical results are reported in Table 999 .05 after elimination of outliers. No reproducibility statistics are listed for samples for which ≥4 laboratories reported zero values. The number of laboratories detecting the component in both replicates is given. Although authentic 100% orange juice samples do not contain any naringin or neohesperidin, 30% of the laboratories reported a naringin peak, but only Collaborator 11 reported finding neohesperidin in the 100% orange juice. Only one laboratory was able to detect neohesperidin reliably in both replicates containing 3% grapefruit juice and just 4 collaborators reported values for neohesperidin in both replicates containing 5% grapefruit. One neohesperidin result from Collaborator 9 was found to be an outlier by the Cochran test and was not used in the statistical analysis. Collaborator 11, who used a Waters Bondapak column, experienced an interference for neohesperidin in every sample. The interference for neohesperidin was not encountered when a mobile phase containing 0.1% aqueous acetic acid was used. However, excessive tailing required the use of 0.5% aqueous acetic acid. Because of the interference, the column was judged as unacceptable for neohesperidin determination, and the values for neohesperidin were not used in the statistical analysis.
In the sample spiked with 1.25 ppm neohesperidin and 5 ppm naringin, no trouble was encountered with the detection of naringin. However, only 4 collaborators reported neohesperidin values for both replicates. Examination of the chromatographic tracings for this sample revealed that a neohesperidin peak was apparent for both replicates for all but one collaborator. By optimizing peak detection and integration parameters, neohesperidin could have been detected and quantitated, as suggested in Table 5 by the number of laboratories detecting neohesperidin. Unfortunately, values for the peaks that were not integrated could not be obtained. All collaborators reported values for neohesperidin at the 5 ppm level. It is well known that detection capabilities vary between detectors. Variable wavelength detectors with xenon lamps are typically less sensitive than those with a deuterium lamp and should not be used unless they are needed and injection volumes are large. The detection limit for reliable detection of neohesperidin is 1 ppm (injection of 10 ng). Table 999 .05 shows a large variance in quantitation as indicated by the interlaboratory relative standard deviation, RSD R . Intralaboratory relative standard deviations, RSD r , were about 15% or less for naringin, whereas RSD R values ranged from 11.34 to 31.94%. The number of laboratories detecting neohesperidin in both replicates has more meaning for the majority of samples because of the small quantities present. All but 2 laboratories detected neohesperidin in the sample spiked with 1.25 ppm neohesperidin. Neohesperidin was not detected in any of the 100% orange juice replicates by any of the collaborators except Collaborator 11. When detected in the grapefruit juice samples, neohesperidn was below the level that would have been present if sour orange or K-Early had been added. As a qualitative test for naringin at the 5 ppm level and neohesperidin at the 1 ppm level, the method is acceptable. The threshold level of 5 ppm for naringin (2.5 times the interference value) appears to be necessary to ensure the presence of naringin because of small interfering peaks. Examination of chromatographic tracings for samples spiked with 1.25 ppm neohesperidin revealed a distinct peak for neohesperidin that was not present in the chromatographic tracings for the 100% orange juice samples from all but one collaborator. Sodium benzoate and potassium sorbate do not pose a problem provided solvent strength is adjusted for the individual column.
Poor method performance from a quantitative point of view was determined to be caused in part by adsorption of the analytes by filter materials when the filtered volumes were small. Early testing of several syringe filters did not show any significant changes in analyte amounts when different filter materials and pore diameters were used as long as ≥2 mL was passed through any one filter. Some collaborators did not have the capability to centrifuge samples as specified Thus they were not able to obtain ≥2 mL filtered sample. Subsequent testing of different filters revealed that 20-36% of the naringin and neohesperidin was adsorbed by one of the recommended filters when small volumes (300 µL) were filtered ( Table 2 ). The inorganic alumina membrane (Anotop Plus, Whatman, Inc., Fairfield, NJ) and the cellulose acetate membrane (Schleicher & Schuell, Inc., Keene, NH) performed best and did not appreciably adsorb flavanone glycosides in duplicate analyses of the 6 samples tested. The higher adsorption values in the ranges listed for all membranes were found for samples containing low concentrations (3-6 ppm) of naringin and neohesperidin. An alternative sample preparation was developed to eliminate the need to centrifuge the samples. Dilution of the juice to give a final concentration of 20% aqueous acetonitrile was found to prevent adsorption of flavonoids by the nylon membrane. Sample dilution with aqueous acetonitrile combined with the use of 0.45 µm filters with a built-in prefilter eliminates the necessity to centrifuge samples before filtering them. Several collaborators reported excessive tailing of peaks when the specified mobile phase was used with 0.1% acetic acid, and they reported results obtained by using 0.5% acetic acid to minimize tailing. The variety of LC columns used, representing column preferences by different laboratories for a particular column manufacturer, no doubt contributed to the variation in the values reported. It is also likely that several collaborators experienced interferences in samples due to late-eluting components from previous samples and poor injection timing. Adsorption during filtration would also have contributed to the high RSD r values. After the collaborative study, the Associate Referee spent a considerable amount of time trying to develop a buffered mobile phase for use with C 18 columns that gave good performance and eliminated all interferences (4). Supelco columns were found to provide the highest number of theoretical plates for an individual column that performed well. Unfortunately, column performance was not reliable when a column was replaced. Twice when an old Supelco column was replaced, the new column tailed badly. The best results were obtained when high-quality silica packing materials with low levels of metal impurities such as Kromasil C 18 or Inertsil were used. Columns that were found to give reliable performance and that are recommended for use are Kromasil C 18 , 5 µm, 4.6 × 150 mm; Prodigy ODS3, 5 µm, 3 × 150 mm; Inertsil ODS-2, 5 µm, 4.6 × 100 mm (Cat. No. 100GL4-ODS-I-10/5); and ChromSpher 3 PAH, 3 µm, 4.6 × 100 mm (Cat. No. 29224, Chrompack). When these columns were used, no problems were experienced with tailing, or with benzoate or sorbate interference. Interferences with neohesperidin from minor unidentified components that occasionally occurred were also eliminated by the use of a low acid mobile phase. However, a minor interference at the 0.5-1.5 ppm level with naringin was still present, requiring a 5 ppm minimum detection limit for naringin.
Determination of the presence of grapefruit juice in orange juice is reliable at levels of ≥5% with this method. Naringin is present in grapefruit juice at 200-1000 ppm, depending on fruit maturity and processing conditions. The average flavonoid levels found in grapefruit are approximately 400 ppm naringin and 14 ppm neohesperidin. Calculation of a naringin/neohesperidin ratio of ≥5 in addition to a naringin . Separation of (A) 100% orange juice, (B) orange juice containing 3% juice from sour orange, and (C) orange juice containing 1% grapefruit juice. Separations were done using a ChromSpher PAH 4.6´100 mm 3 mm particle analytical column, 10 mL injection volume, and mobile phase consisting of 17% acetonitrile:83% 0.1% aqueous acetic acid at 1.0 mL/min. level of ≥10 ppm indicates the presence of grapefruit juice. Detection of naringin at 10 ppm without neohesperidin would correspond to a composition of 2.5% grapefruit juice on average, but it could range between 1 and 5% because of the natural variations in grapefruit juice. Sour orange has a naringin/neohesperidin ratio between 1 and 2.5, whereas the ratio for K-Early is always <1. If naringin is detected at the 10 ppm level as a result of the addition of sour orange, neohesperidin will also be detected because ≥4 ppm will be present in the juice. According to these criteria, 7 of the 13 collaborators would give a positive response for the juice blend containing 3% grapefruit, and all except Collaborator 11 would detect the 5% grapefruit blend. However, Collaborator 11 would likely be able to give a positive response for the 5% grapefruit juice blend, based on experience with this particular column and analyses of known authentic 100% juices. No collaborator would give a false positive for grapefruit addition for juices containing K-Early or sour orange blends.
Mixtures of K-Early variety and grapefruit could be blended to give a naringin/neohesperidin ratio identical to that found in sour orange. Sour orange can be distinguished from such a mixture by the additional presence of neoeriocitrin in sour orange as described by Rouseff (3) . Neoeriocitrin is not present in grapefruit or K-Early variety and may be detected as an early-eluting component in the same analysis. Routine screening for neoeriocitrin is difficult to justify. The chances of finding K-Early/grapefruit/orange blends is remote. K-Early is an early-season variety produced for the fresh market, and fruit production is limited. Neoeriocitrin standard is very expensive. If sour orange is thought to be present in an orange juice because of the naringin/neohesperidin ratio, the suspect juice can be compared very easily with an authentic orange/sour orange juice mixture.
Since the collaborative study was conducted, a new variety called "Ambersweet" has been used in commercial production. Ambersweet is a hybrid cross with a genetic composition of 1/2 C. sinensis (L) Osb., 3/8 C. reticulata, and 1/8 C. paradisi Macf. Ambersweet is a tangerine hybrid, but because of the absence of any mandarin or grapefruit character in the Ambersweet variety, a petition was filed with the FDA to officially classify Ambersweet as an orange. Official classification of the Ambersweet variety as an orange was granted by the FDA in 1992 (5). As a result, any orange juice product may contain juice from the Ambersweet variety. Because Ambersweet is part grapefruit, the question arose as to how much naringin and neohesperidin might be present. Eleven samples of Ambersweet were collected at different stages of maturity from 2 sites over a 3 year period. Naringin and neohesperidin were not present in any of the samples tested and, therefore, will not present a problem in the use of this method to detect the presence of grapefruit juice in orange juice products (6) .
Recommendation
Although the RSD r and RSD R values were high for naringin and neohesperidin at ≤20 ppm, the collaborative study showed the method to be sensitive in detecting the presence of naringin down to 5 ppm and neohesperidin down to 1 ppm. Use of a detector with low sensitivity may require injection volumes of >20 µL. This method is recommended for First Action adoption for detecting the presence of naringin at the 5 ppm level and neohesperidin at the 1 ppm level in orange juice. During sample preparation it is important to use filters that do not adsorb flavanone glycosides from aqueous samples. Dilution of samples as described in the method to give a final acetonitrile concentration of 20% in the sample may be used to eliminate adsorption by nylon membranes during filtration. The addition of grapefruit juice to orange juice is indicated by a finding of ≥10 ppm naringin and ≤2 ppm neohesperidin, which would represent a grapefruit juice level of 1-5%.
Should interferences occur in the area of the neohesperidin chromatographic peak, the addition of grapefruit juice could be falsely detected as the addition of juice from sour orange. This problem can be avoided by using an analytical column of good quality, controlling column temperature to stabilize retention, choosing proper analysis time, and using an automatic injector so that late-eluting components do not interfere with subsequent analyses. In the current study, the use of a Waters 3.9 × 250 mm Bondapak C 18 column resulted in a component that interfered with neohesperidin in every sample. Use of this column is not recommended.
